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Abstract 
The thermal and hydraulic performances of an air-cooled heat sink channel design have been numerically investigat-
ed in 2D computational domains in ANSYS Fluent. The channel expansion ratio (ER) is the key parameter to control 
the flow restriction, therefore the rate of flow mixing. As the channel ER is increased, Nu number increases with an 
accompanying increase in the pressure drop penalty. The heat transfer enhancement is attributed to two main phe-
nomena: flow mixing, and thermal boundary layer (TBL) disruption and reinitialization. Thanks to flow mixing, air 
temperature builds up more uniformly in the direction of flow and TBL disruption and reinitialization decreases the 
thermal resistance on the channel walls. Despite the increase in the pressure drop penalty with increasing channel ER; 
it is possible to enhance thermal resistance by 40% with the same pressure drop of a straight channel heat sink. 
© 2015 The authors. Published by Elsevier Ltd. 
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1. Introduction 
The demand for higher performance electronics drove an increase in the device operation frequencies, 
while the advances in the manufacturing technologies enabled these devices to be manufactured in small-
er sizes, causing a dramatic increase in their power density. For the cooling of high power electronics, 
migrating to high power cooling solutions without questioning the possibility of air-cooling would dra-
matically increase the costs and put a risk on the success of the commercial product. Azar [1] pointed out 
that the most critical parameters the thermal engineers should consider are the junction and the solder 
temperatures and the cooling fluid should be selected irrespective of the total power dissipation of the 
device in a way that manufacturing, operation and maintenance costs shall be minimum. 
Li et al. [2] studied the thermal and hydraulic performances of various fin-and-tube heat exchangers. 
Numerical and experimental analyses were performed to analyze the air-side heat transfer of three differ-
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ent fin configurations: plain, continuous plain and wavy. While plain and continuous plain fins did not 
show a significant difference in performance, the wavy fins provided an increase in heat transfer by 3 to 
22% depending on the inlet air velocity. However, the pressure drop penalty accompanying the heat trans-
fer was significant since the converging-diverging nature of the channels created a serious flow re-
striction. The study was concluded with the proposal that further measures should be taken to reduce the 
pressure drop to improve the overall performance of the design. 
Hung et al. [3] investigated the effects of enlarging the channel outlet on heat transfer and pressure 
drop performance of a porous channel heat sink. Porous channels are capable of enhancing heat transfer 
performance by increasing surface area and inducing flow mixing, however they incur significant pres-
sure drop penalty. The researchers studied the effects of different enlargement ratios and obtained a max-
imum Nu number enhancement of around 20%, while reducing the pressure drop penalty by 30 to 40%. 
Kishimoto and Sasaki [4] performed an experimental study on a water-cooled diamond-shaped inter-
rupted microgrooved cooling fins in a staggered configuration. This fin geometry allowed the TBL to be 
reinitialized at the front of each fin. Compared to the conventional cooling fins, this design was capable of 
maintaining a uniform junction temperature in the direction of flow and it enabled around 30°C decrease 
in the junction temperature at the outlet of the heat sink. Since the front and rear edges of the fins resem-
bled streamlines, the pressure drop penalty was very small compared to the conventional fins. 
The idea of breaking and restarting the TBL has recently become popular among researchers designing 
novel heat sink geometries. Lee et al. [5] studied oblique finned microchannel heat sink (planar), which 
could generate secondary flows to enhance fluid mixing and improve heat transfer. The TBL acts as a 
resistance against heat transfer, while the oblique fins could break the TBL at the trailing edge of each 
section, allowing it to reinitialize over the downstream fins. The oblique finned microchannel design al-
lowed more than a 100% increase in heat transfer, while increasing the pressure drop penalty by around 
50% compared to the conventional straight fins. Fan et al. [6] studied the application of this oblique fin 
over a cylindrical surface. They received a heat transfer enhancement of around 75% at the maximum Re 
number experimented with a negligible pressure drop penalty. The adverse effects of the pressure drop 
observed in the planar oblique-finned microchannel [5] were overcome with the cylindrical oblique 
finned heat sink, since a flow recirculation zone was created. 
In this study, alternating converging-diverging channel geometry with cross connections is proposed. 
The effects of the variation of channel ER on the thermal and hydraulic performances of the air-cooled 
heat sink are numerically analyzed in the commercial CFD solver, Fluent. Significant heat transfer im-
provement, accompanied with a certain pressure drop penalty compared to the straight channel heat sink 
is observed. 
Nomenclature 
A amplitude of the Sinusoidal function utilized to generate Type1 & 2 channel geometries 
BC boundary condition 
cp specific heat of air [J/kg.K] 
CWT constant wall temperature 
Dhyd hydraulic diameter, )h2(wh4wP4AD channelavgchannelavgwetflowcr hyd    
ΔP pressure drop [Pa] 
Ef pressure drop penalty factor 
ENu Nusselt number enhancement factor 
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ER channel expansion ratio, ER = wmax/wmin 
f friction factor, 
HS
2
maxair@Thyd L Vρ 2D ΔPf airmean   
havg average convective heat transfer coefficient [W/m2.K], )T(TQh airmean wall
"
wallavg   
hchannel channel height 
k thermal conductivity of air [W/m.K] 
L wavelength of Type 1 & 2 channels, 36 mm 
LHS solution domain length, 120 mm 
μ dynamic viscosity of air [kg/m.s] 
Nuavg average Nusselt number, 
airmean air@Thydavgavg
kD hNu   
ρ density of air [kg/m3] 
Remax Maximum Reynolds number, 
airmean airmean air@Thydmaxair@Tmax
D V Re PU  
Rthermal thermal resistance [K/W], Rthermal = ΔTLog Mean / Qwall  
TBL thermal boundary layer 
Tmean air mean air temperature [K], 2)T(TT outletair mean inletair mean airmean   
V air velocity 
Vmax maximum air velocity in the flow domain 
w channel width wmin, wmax = wmin + 4A, wavg = (wmin + wmax)/2 
2. CFD Simulations 
2.1. Heat sink channel design 
Alternating converging-diverging channels with cross connections (Fig. 1) were designed to utilize the 
merits of flow mixing, and TBL reinitialization phenomena. The converging-diverging channel sections 
in alternating arrangement were created utilizing a set of Sinusoidal functions (Eqn. 1). 
 
2
w
1)(2n
2
π1)(
L
 x π2SinA y avgn r»¼
º«¬
ª r       (1) 
 
The “−” sign was used to draw n=1, 2, 3, … , while the “+” sign was used to draw n=−1, −2, −3, … . 
In order to have equal inlet width for each channel, the sinusoidal curves were shifted in –x direction by a 
distance of “L/4”. Next, the local maximum and minimum points of each individual Sinusoidal curve 
were connected with straight lines and 1 mm fin wall thickness (in y direction) was generated by shifting 
the obtained lines by 0.5 mm to +y and –y directions. Finally, the cross connections were introduced in y 
direction in a way that each linear section of the wall is divided into five shorter sections. 
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In order to analyze the thermal and hydraulic performance of this channel design under various chan-
nel configurations, two independent parameters, A and wmin, were varied in a way that wavg is equal to 4 
mm. The other dimensions, L and LHS, were set as 36 mm and 120 mm, respectively. 
2.2. Simulation model 
In order to decrease computational costs, the preliminary CFD simulations were performed on 2D 
computational domains, as indicated in Fig. 1. The computational domain consists of a single wall and a 
channel with symmetry BC at the sides. The air inlet has uniform velocity and a constant temperature of 
20°C, while the outlet has 0 Pa gauge pressure. No slip BC is applied on the channel walls and they have 
a CWT of 60°C. 
 
Fig. 1. Alternating converging-diverging channels with cross connections, computational domain and boundary conditions 
The analyses were steady state and the airflow was assumed to be incompressible. Especially at low 
flow rates, the temperature difference between air inlet and outlet was very large, which caused a signifi-
cant change in the fluid properties. Therefore, air properties were calculated w.r.t. cell temperature ac-
cording to 3rd degree polynomials, fitted to the air property data taken from [7], which made it possible to 
calculate the properties, ρ, μ, cp and k, with an average percent deviation of 0.02% from the actual values. 
Navier-Stokes equations were solved with the RNG k-ϵ turbulence model. Even though, the Re num-
bers analyzed were well below 2300, at which transition begins, the induced fluid mixing between neigh-
boring channels caused transitional flow, which could not be solved accurately with laminar flow equa-
tions. RNG k-ϵ turbulence [8] model is capable of resolving rapidly strained flows and the RNG theory 
employs an analytical formula for the effective viscosity that is capable of resolving flow at low Re num-
bers. Main purpose of this channel design was to improve the heat transfer performance of air-cooled heat 
sinks without incurring too much pressure drop penalty. Operating at very high airflow rates will not only 
increase the operational costs, but increase the pressure drop, as well. Therefore in this study, the flow 
velocities were kept as low as possible. 
The solution domain indicated in Fig. 1 was meshed in ANSYS Mesh 15. Quadrilateral and triangular 
meshes were generated in the flow domain with a body sizing of 0.1 mm. The mesh near the channel 
walls were inflated with 12 layers of slowly growing mesh with a starting first layer thickness of 0.01 mm 
so that the maximum value of y+ on the channel walls was less than 0.5, which is a requirement to resolve 
the viscous boundary layer correctly. The validity of this mesh was verified with a detailed mesh inde-
pendence study. Any change in any mesh sizing parameter for a higher resolution mesh did not cause a 
change in Nu number and the friction factor for more than 0.3%. 
The simulated case was a representation of internal flow with CWT boundary condition and the related 
equations [9] to this case are given in the nomenclature. 
The simulation models were created in 2D domains, however, since this study is preliminary to a more 
detailed 3D numerical study and its experimental verification, hchannel was assumed to be 8 mm. 
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Upon importing the mesh files into Fluent, 2D, double precision, steady state solver was selected. 
SIMPLEC algorithm was used for pressure-velocity coupling and second order upwind scheme was used 
for the discretization of momentum, turbulent kinetic energy and the turbulent dissipation rate. The abso-
lute convergence criterion was set to be 10-8. 
3. Results and discussion 
Numerical analyses were performed to analyze the effect of ER on heat transfer and pressure drop per-
formance of the alternating converging-diverging channels with (and without) cross connections. 
For ease of reading, each type of channel will be referred with the following names in the following 
sections. 
 
Fig. 2. Types of channels 
3.1. The effect of the expansion ratio (ER) 
Fig. 3a and 3b show the heat transfer enhancement and the pressure drop penalty of Type 2 channels of 
various ER at a range of flow velocities. The parameters, presented in Fig. 3, represent the relative per-
formance of Type 2 channels w.r.t. their Type 0 counterparts, which are calculated as in Eqn. 2. 
 
Fig. 3. a) Nu number enhancement factor, ENu; b) pressure drop penalty factor, Ef 
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It is observed from Fig. 3a that increasing the channel ER of Type 2 channels greatly enhances the heat 
transfer performance of the heat sinks with respect to their Type 0 counterparts. However, the enhance-
ment in the heat transfer performance comes together with a serious pressure drop penalty as can be seen 
on Fig. 3b. While flowing into a converging channel section, air is forced to flow through the cross con-
nections that lead the flow to the neighboring diverging sections. Increase in ER causes more significant 
flow restriction in the main stream, therefore more air is forced to move through the cross connections to 
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the neighboring channels. The resulting secondary flows cause an increase in the pressure drop penalty, 
therefore the friction factor. Table 1 indicates the percent flow mixing rates for different ER channels for 
the highest flow rate cases. 
Table 1. % flow mixing at different channel expansion ratios 
Expansion Ratio 1.5 2.2 3 4 7 
% mixing (flow through cross connections/total flow) 7.9 18.6 27.5 35.7 46.4 
 
The advantages and the disadvantages of the induced secondary flows could be closely observed in 
Fig. 4. Due to the alignment of the cross connections, flow, coming from channel 1, separates after the 
trailing edge of wall section 1 and moves into channel 2 through a narrow flow stream in the cross con-
nection due to vortex #1, which is generated due to flow separation. After the flow leaves the cross con-
nection, it separates again and creates vortex #2 over the diverging side surface of wall section 2. Both of 
these vortices, especially vortex #1, have an adverse effect on the total pressure drop of the heat sink as it 
confines the flow in a restricted region in the cross connection. Therefore, it was deduced that the align-
ment of the cross connections should be optimized in the future studies for improved hydraulic perfor-
mance. 
 
Fig. 4. Velocity vectors and the temperature contour in Type 2 channel (ER=3, Re=800) 
The significant heat transfer enhancement, presented in Fig. 3a, is attributed to the TBL disruption, in-
duced by the secondary flows. As can be seen in Fig. 5c, TBL continuously builds up over the linear 
channel sections of Type 1 channels, acting as a barrier against heat transfer. In Type 2 channels (Fig. 5a, 
b, d), on the other hand, TBL is broken at the leading edge of each wall section and it starts to build up 
again over the downstream wall sections with the conditions of developing flow over a flat plate, which 
provides higher heat transfer compared to its fully developed counterpart. The advantage of flow mixing 
is the homogeneous built-up of mean air temperature in the direction of the flow. When the flow is not 
allowed to mix, as in Fig. 5c, air temperature in the vicinity of the channel walls increase too much, while 
the main stream of the flow remains at a relatively lower temperature. For this reason, the cooling poten-
tial of air cannot be fully utilized in Type 0 and Type 1 channels. 
The effect of ER on the heat transfer performance can also be observed from Fig. 5. Type 2 channels 
of low ER cannot provide significant heat transfer enhancement due to lack of efficient flow mixing. Evi-
dence is that the temperature of the flow in the main stream in Type 2 channel with ER=1.5 (Fig. 5a) is 
comparable with that of the Type 1 channel with ER=3 (Fig. 5c). When ER is significantly increased up 
to 7, as in Fig. 5d, air, flowing through the cross connections could mix with the main stream, increasing 
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the mean air temperature more uniformly in the direction of the flow. In this way, the cooling potential of 
the coolant is more efficiently utilized. 
 
Fig. 5. Temperature contours of Type 1 & Type 2 channels with different ERs (Re=800) 
Another graph, which could be very informative about the overall performance of various channel con-
figurations, is the thermal resistance (Rthermal) vs. pressure drop plot. Fig. 6 shows that as the channel ER 
is increased, Rthermal decreases significantly; however, pressure drop penalty increases significantly, as 
well, for high flow rates. Nonetheless, we can infer from this graph that by putting a reasonable limit on 
pressure drop penalty, e.g. 8 Pa, it is possible to decrease the thermal resistance by 40% by using a Type 2 
channel with ER=7 instead of its Type 0 counterpart. 
 
Fig. 6. Thermal resistance vs. pressure drop 
3.2. Performance benchmarking 
In the industry, certain types of heat sinks are commonly used thanks to their satisfactory performance 
and ease of manufacturing. One example is the offset strip fin (OSF), which utilizes a similar heat transfer 
enhancement principle such as the Type 2 channels, presented in this study. In OSF heat sinks, the lami-
nar boundary layer is dissipated over the downstream fins, placed in a staggered configuration. The rea-
son for selecting the OSF heat sink for performance comparison in this paper is that OSF is considered to 
be the most significant concept to improve heat transfer performance of gas flows [10]. In addition to that, 
the dimensions of the OSF, for which the experimental data is presented in Fig. 8, is similar to the dimen-
sions of the Type 2 channels, introduced in this study. The hydraulic diameter of the OSF is given as 3.51 
mm, while that of Type 2 channels will be 5.33 mm in the experimental verification. Generally being var-
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ied between 3 to 6 mm, the length of the offset strip fins was 6.6 mm, while the wall sections in Type 2 
channel design was 2.8 mm. 
  
Fig. 7. Performance comparison of Type 2 channel geometry and the offset strip fin [10] 
The friction and Colburn factors of OSF, taken from [10], are compared with those of Type 2 channels 
in Fig. 7. It is observed that Type 2 channels of ER=3 have a comparable performance with OSF. Howev-
er, as the ER is further increased, the heat transfer performance of Type 2 channels is further enhanced 
with an accompanying increase in the pressure drop penalty. The reason for this is that Type 2 channels 
induce secondary flows to break and reinitialize the TBL to improve the heat transfer, while in OSF no 
secondary flow is induced. OSF purely dissipates the TBL growth over the fins to reduce the thermal re-
sistance. The secondary flows induced in Type 2 channels are the main cause of the significant increase in 
the pressure drop penalty and ways to eliminate this pressure drop penalty will be sought in future studies. 
4. Conclusion 
The forced convective air-cooling performance of the alternating converging-diverging channels with 
cross connections was numerically analyzed using ANSYS Fluent 15. The effects of channel ER on the 
heat transfer and pressure drop were investigated in 2D solution domains. The results indicated that as the 
channel ER was increased, heat transfer performance increased with an accompanying increase in the 
pressure drop penalty. The secondary flows through the cross connections induced flow mixing, which 
enabled homogeneous mean air temperature built-up in the flow direction, while at the same time, they 
disrupted and allowed the reinitialization of the TBL, acting as a resistance against heat transfer. Despite 
the fact that the heat transfer enhancement comes with a pressure drop penalty, Type 2 channels could 
significantly decrease the thermal resistance for a given pressure drop. In future studies, 3D conjugate 
heat transfer analysis and the experimental validations will be performed. 
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